Using the method of filter elution of double stranded DNA under neutral conditions we have shown that most of gamma-ray induced double strand breaks (DSB) are rejoined in both mammalian and bacterial cells. Rejoining also occurs in the Gl phase in V 7 9 Chinese hamster cells and under different growth conditions. Within 8 minutes at 37 C, half the breaks are rejoined. The rejoining in E. coli is equally fast and depends on the presence of DNA ligase. Some of the breaks in E.coli rejoin slowly, and these require r e c + . T h e non-rejoined DSB are d i stributed over the DNA without any preference for the nucleosomal or the linker structure in the chromosome. T w o kinds of DSB rejoining are discriminated, a fast process of DNA ligation and a slower process involving rec functions.
INTRODUCTION
DNA DSB are the result of irradiation. With increasing linear energy transfer of the radiation, cell killing and number of unrepairable DSB also increase (1, 2 ) . DSB thus seem to be life threatening damages.
This report addresses the occurrence and mechanism of DSB repair in bacterial and mammalian cells. We have used the technique of "neutral elution" f o r the detection of DSB ( 3 ) . T h e technique is based on the observation that double stranded DNA passes through a membrane filter under nondenaturing conditions at a rate depending on its size. Using this technique we observed rejoining of DNA DSB in both mammalian and bacterial c e l l s , and have detected two independent mechanisms resulting in fast and slow rejoining processes. In bacteria, these can be distinguished by mutations. T h e slow process requires rec , the fast process DNA ligase. a m m a l i a n D N A ,  and t h e s l o p e w a s l e s s s t e e p b y a f a c t o r w h i c h c o r r e s p o n d e d t o  the d i f f e r e n c e i n g e n o m e ( t a r g e t ) s i z e ( f i g . 6 ) . T h e s p e e d o f  r e j o i n i n g w a s a l s o f a s t , w i t h a h a l f -l i f e o f a b o u t 8 m i n ( f i g . 7 ) . Rejoining occured at same rate in a recombination deficient (recA") mutant. The extent of maximal rejoining, however, seemed to differ between the mutant and wild-type strains. Our working hypothesis is that recA may be involved in a slow rejoining process.
METHODS

V79 C h i n e s e h a m s t e r lung
C e l l s w e r e cultivated in m o n o l a y e r s until s t a t i o n a r y p h a s e , f u r t h e r g r o w t h being inhibited b y t h e i r d e n s i t y . I r r a d i a t i o n was carried out in a
t i o n . F i l t e r e l u t i o n was c a r r i e d o u t as f o r V79 c e l l s u s i n g the s a m e l y s i s p r o c e d u r e e x c e p t t h a t f i l t e r s w i t h a p o r e s i z e of 0.45 pm w e r e u s e d . R E S U L T S R e j o i n i n g of g a m m a -r a y i n d u c e d DSB in V 7 9 c e l l s . T h e n e u t r a l f i l t e r e l u t i o n t e c h n i q u e a l l o w s m e a s u r e m e n t of r e l a t i v e DNA s i z e by m e a n s of t h e i r d i f f e r e n t e l u t i o n r a t e s . In f i g . la the d i f f e r e n t e l u t i o n p r o f i l e s of i r r a d i a t e d V 7 9 m o n o l a y e r s are s h o w n for d i f f e r e n t d o s e s . P e r c e n t a g e DNA r e t a i n e d on t h e f i l t e r is p l o t t e d v e r s u s e l u t i o n t i m e ( f r a c t i o n n u m b e r ) . W i t h h i g h e r d o s e s the DNA w a s e l u t e d f a s t e r and in i n c r e a s i n g a m o u n t s . From s u c h e l u t i o n p r o f i l e s we c o m p a r e d DNA s i z e s . In o r d e r to do t h i s we k e p t the e x p e r i m e n t a l c o n d i t i o n s c o n s t a n t , and a l w a y s e v a l u a t e d t h e d a t a by the same n o r m a l i z i n g p r o c e d u r e . For e v a l u a t i o n we used the m e a n v a l u e (MV) of the p e r c e n t a g e DNA r e t a i n e d on the f i l t e r of the ten e l u t e d f r a c t i o n s b e c a u s e the d a t a o b t a i n e d in t h i s w a y was the m o s t r e p r o d u c i b l e . T h e s e m e a n v a l u e s , d e r i v e d f r o m the e l u t i o n p r o f i l e s of f i g . l a , a r e p l o t t e d v e r s u s d o s e in f i g . lb. The l i n e a r i t y of the d o s e e f f e c t c u r v e f o r D S B p r o d u c t i o n s p e a k s for the a c c u r a c y and r e l a t i v e s e n s i t i v i t y o f the f i l t e r e l u t i o n m e t h o d in c o m p a r i s o n to s e d i m e n t a t i o n t e c h n i q u e s ( 4 ) .
If c e l l s a r e i n c u b a t e d at 37 C a f t e r the i r r a d i a t i o n , t h e y c l e a r l y r e j o i n t h e D S B ( f i g . 2 ) . T h e p r o f i l e s r i s e w i t h inc r e a s i n g i n c u b a t i o n t i m e , r e a c h i n g a c o n s t a n t s l o p e at 120 m i n . T h e s l o p e of the u n i r r a d i a t e d c o n t r o l , h o w e v e r , w a s n e v e r r e a c h e d e v e n a f t e r v e r y long i n c u b a t i o n t i m e s . H a l f of the r e j o i n i n g o c c u r r e d w i t h i n 7.5 min ( f i g . 3 ) . S o m e 20 % of DSB are not r e j o i n e d and the k i n e t i c s r e a c h a s y m p t o t i c l e v e l s at
F i g u r e 4 . R e j o i n i n g o f D S B in V 7 9 D N A a f t e r 1 0 0 G y u n d e r di f f e r e n t g r o w t h c o n d i t i o n s a n d f o r G l p h a s e c e l l s . T h e s y m b o l s a r e : o e x p o n e n t i a l l y g r o w i n g c e l l s , & p l a t e a u p h a s e c e l l s , • Gl p h a s e eel 1s . c h r o m o s o m e s t r u c t u r e a n d t h a t r e p a i r w a s d i f f e r e n t i n l i n k e r o r n u c l e o s o m e D N A ( 5 ) . R a d i a t i o n i n d u c e d D S B a r e d i s t r i b u t e d i n t h e D N A a t r a n d o m . W e t e s t e d w h e t h e r a c o n s t a n t f r a c t i o n a t e a c h d o s e w a s n o n r e j o i n e d a n d u s e d t h i s a s a m e a s u r e o f a p o s s i b l e n u c l e o s o m e i n f l u e n c e o n r e p a i r . T h e m a j o r i t y o f D N A is p a c k e d i n t o n u c l e o s o m e at a c o n s t a n t r a t i o o f a b o u t 4 0 b p l i n k e r to 1 4 0 b p n u c l e o s o m e D N A . I f l i n k e r D N A a l o n e w e r e n o t r e j o i n e d , a c o n s t a n t f r a c t i o n o f 22 % n o n r e j o i n e d D S B s h o u l d b e f o u n d f o r e a c h d o s e . T h e r e s u l t c o n t r a d i c t s t h i s a s s u m p t i o n . T h e p r o p o rt i o n o f n o n r e j o i n e d D N A v a r i e d w i t h d o s e ( f i g . 5 ) s u g g e s t i n g t h a t r e j o i n i n g o c c u r s in l i n k e r a s w e l l a s in n u c l e o s o m a l D N A . R e j o i n i n g o f g a m m a -r a y i n d u c e d D S B i n b a c t e r i a . T o g e t m o r e i n f o r m a t i o n a b o u t t h e m e c h a n i s m s o f D S B r e j o i n i n g w e i n v e s t ig a t e d b a c t e r i a l D N A . W e a d a p t e d t h e n e u t r a l f i l t e r e l u t i o n t e c hn i q u e f o r t h e s m a l l e r b a c t e r i a l D N A b y u s i n g f i l t e r s w i t h a p o r e s i z e o f 0 . 4 5 y m . T h e e l u t i o n p r o f i l e s o f i r r a d i a t e d a n d r e j o i n e d E . c o l i D N A w e r e s i m i l a r t o t h o s e o f m a m m a l i a n cell D N A . B e c a u s e o f t h e s m a l l e r s i z e o f b a c t e r i a l D N A , t h e v a r i a b i l i t y o f t h e e l u t i o n k i n e t i c s w a s s o m e w h a t g r e a t e r t h a n w i t h m
Dose (Gyl
E.coli mutants also indicate possible mechanisms by which the fast DSB rejoining process takes place. We determined the extent of rejoining in a mutant thermosensitive in DNA ligase. At the permissive temperature, (30 C) rejoining of DSB was nearly normal. At 40 C it was strongly suppressed ( fig. 8 ) . DSB rejoining in wt E.coli as in the recA mutant was similar at both temperatures (not shown). b i l i t y is d e t e r m i n e d not only by the p o r e size of the  f i l t e r , but is a l s o i n f l u e n c e d by an i n t e r a c t i o n b e t w e e n the  f i l t e r m a t e r i a l and DNA d e p e n d i n g on the pH . l b ) . Our data also show that the n e u t r a l f i l t e r elution can be a d a p t e d to m e a s u r e m e n t s on the s m a l l e r DNA f r a g m e n t s obtained from b a c t e r i a . t i o n (fig. 4 ) . In a d d i t i o n to the e x p e r i m e n t s with m u t a n t s in E. col i , the fact that fast r e j o i n i n g is i n d e p e n d e n t of the cell c y c l e r e n d e r s u n l i k e l y the e x p l a n a t i o n that the m e c h a n i s m v e r , a r e c -d e p e n d e n t s l o w r e j o i n i n g p r o c e s s has been found 
M a n y a u t h o r s i n v e s t i g a t i n g DSB r e j o i n i n g k i n e t i c s using s e d i m e n t a t i o n a n a l y s i s or the u n w i n d i n g t e c h n i q u e h a v e found that these b r e a k s are rejoined at slow rates (4-7 h) ( 7 , 8 ) . It seems that t h e s e m e t h o d s reveal p r e d o m i n a n t l y a r e c -d e p e n d e n t p a t h w a y (9) w h i l e our t e c h n i
